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Transferability of fracture toughness data obtained on small scale specimens to a full-scale cracked struc-
ture is one of the key issues in integrity assessment of engineering structures. In order to transfer fracture
toughness under different constraints, both in-plane and out-of-plane constraint effect should be consid-
ered for the specimens and structures. In this paper both in-plane and out-of-plane constraint effects of a
crack in a reference reactor pressure vessel (RPV) subjected to pressurized thermal shocks (PTSs) are ana-
lyzed by two-parameter and three-parameter methods. The comparison between elastic and elastic–
plastic analysis shows that the constraint effect varies with the material property. T11 (the second term
of William’s extension acting parallel to the crack plane) generally displays a reversed relation to the
stress intensity factor (SIF) with the transient time, which indicates that the loading (SIF) plays an impor-
tant role on the in-plane constraint effect. The thickness at the crack tip contributes more than the load-
ing to the out-of-plane constraint, such that T33 (the second term of William’s extension acting along the
thickness) displays a similar relation to e33 (strain along the thickness direction) and a different relation
to T11 during the transient. The results demonstrate that both in-plane and out-of-plane constraint effect
should be analyzed separately in order to describe precisely the stress distribution ahead of the crack tip.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Transferability of fracture toughness data obtained on small
scale specimens to a full-scale cracked structure is one of the key
issues in integrity assessment of engineering structures. Since it
is found that the measured fracture toughness varies with the
geometry of the component, standard procedures are deﬁned in
such a way that a lower bound value for the toughness is mea-
sured. The reason that geometry size of the tested specimens af-
fects fracture toughness is attributed to different stress and
strain ﬁelds ahead of the crack tip. The character of the stress ﬁelds
near the crack front has been extensively studied. The classical lin-
ear elastic and elastic–plastic fracture mechanics were based on
the theory of the ﬁrst singular term of the asymptotic expression,
which is the stress intensity factor (SIF, K) (Irwin, 1958) and HRR
solution (Hutchinson, 1968; Rice and Rosengren, 1968), respec-
tively. Traditional fracture mechanics approaches assumed that
the near-tip stress–strain state is controlled by a single parameter
such as the linear elastic SIF K, and the J-integral (or, equivalently,
the crack tip opening displacement). According to this methodol-
ogy, fracture toughness values, obtained from standard tests on
deep-cracked specimens, can be quantiﬁed by the critical values
of one of those parameters under plane strain conditions(e.g. KIc, JIc) and then applied in assessment of fracture behavior
and bearing capacity of a real structure. However, it is known that
the critical crack driving force for fracture depends on the triaxial-
ity level of the near-tip stress ﬁelds. For a given crack driving force
parameter (e.g. J-integral), higher triaxiality and, consequently,
higher principal stresses promote cleavage fracture (high con-
straint condition). On the other hand, lower triaxiality leads to a
decrease of opening mode stresses and the development of plastic
deformations in the vicinity of the crack tip, which enhances resis-
tance to cleavage initiation (low constraint condition).
In order to consider the stress triaxiality of the crack tip, more
accurate two-parameter approaches, such as K–T (Williams,
1957), J–T (Betegon and Hancock, 1991), J–Q (O’Dowd and Shih,
1991, 1992) and J–A2 (Li and Wang, 1986; Chao et al., 1994), have
been developed. These approaches have been applied successfully
in engineering designs though they are limited to describe the
effect of the in-plane constraint on the crack-tip ﬁeld and fracture
toughness. For linear elastic analysis, different cracked structures
have different T-stress (denoted as T11) for a given mode I SIF
depending on their geometry and the loading applied to them.
A negative T-stress indicates a loss of constraint where relatively
more plasticity occurs and a positive T-stress indicates a highly
constrained condition with limited plasticity preceding fracture
(Williams, 1957). In elastic–plastic fracture mechanics, the
Q-stress (O’Dowd and Shih, 1991, 1992) is commonly used as
the measure of in-plane constraint. The Q-stress is the difference
Nomenclature
a crack depth, mm
A2 second term used to quantify constraint effect
B biaxiality ratio
2c crack length, mm
E elastic modulus, MPa
fij(h) angular functions of crack-tip stress ﬁeld
h ratio of hydrostatic stress to Von Mises stress
h(ti) time-dependent heat transfer coefﬁcient, kW/(m2 K)
J J-integral, MPam
K, KI Mode I linear elastic stress intensity factor, MPa m0.5
KIC material fracture toughness, MPa m0.5
n strain hardening exponent
nj direction perpendicular to plane of crack
P cumulative probability level
p(ti) time dependent pressure, MPa
Q Q-stress
r radial coordinate in the polar system
R radius of the model used in modiﬁed boundary layer
formulation, mm
R, h, Z cylindrical coordinate system
Ri RPV radius, mm
t vessel wall thickness, mm
tc cladding thickness, mm
tb base thickness, mm
ti transient time, second
T-stress, T11 second term of William’s extension along x
direction, MPa
T33 second term of William’s extension along z direction,
MPa
Tz ratio of rzz over (rxx + ryy)
Tt temperature, C
T0 reference temperature in master curve method, C
T0deep reference temperature obtained from deeply cracked
(high constraint) bars, C
Tref reference temperature for thermal expansion
coefﬁcient, C
Ttem(ti) time dependent temperature, C
Ttem(initial) initial temperature of the vessel wall, C
u(R, h) displacement in x direction
v(R, h) displacement in y direction
W specimen width, mm
m Poisson’s ratio
a material coefﬁcient in Ramberg–Osgood relationship
r0 yield stress, MPa
r1, r2, r3 principal stress at different directions, MPa
re Von Mises stress, MPa
rh average of principal stress, MPa
rij stress at crack tip region, MPa
ðrhhÞFEA hoop stress from ﬁnite element analysis, MPa
rxx, ryy, rzz stress along different directions, MPa
ðrhhÞSSY;T¼0 hoop stress for SSY and zero T-stress, MPa
e0 yield strain
e strain
e33 strain in direction 33
h angular coordinate in the polar system
U angle of elliptical crack
dij Kronecker delta
EPFM elastic plastic fracture mechanics
FE ﬁnite element
FPB ﬁve-point bend
HRR Hutchinson Rice Rosenberg
LLOCA large loss-of-coolant accident
MBL modiﬁed boundary layer
MLOCA medium loss-of-coolant accident
PTS pressurized thermal shock
RPV reactor pressure vessel
SEN(B) single edge notch bend
SIF stress intensity factor
SLOCA small loss-of-coolant accident
SSY small scale yielding
WPS warm prestressing
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example from ﬁnite element (FE) analysis and the opening stress
calculated by the Hutchinson Rice Rosenberg (HRR) formula for
the same value of the J-integral. Absolute high values of the
Q-stress imply that higher-order terms of stress cannot be ne-
glected and may be considered as a measure of constraint. The
idea of using higher-order terms of the stress distribution was
also used by Li and Wang (1986) and Chao et al. (1994). Through
a combined numerical and analytical process, they showed that
both the second and third terms of the asymptotic stress distribu-
tion in an elastic–plastic cracked body can be related to the ﬁrst
term by using a parameter called A2. In addition, generating
fracture toughness vs. T11, Q or A2 curves is a common approach
to include constraint effects in structural integrity procedures
(e.g. the R6 code, FITNET FFS procedure).
However, these parameters are only able to characterize the in-
plane constraint at the crack tip. Moreover, a relative small reduc-
tion in the specimen thickness leads to a signiﬁcant increase of the
apparent fracture toughness without the T11 or Q-stress being sig-
niﬁcantly affected (Meshii and Tanaka, 2010). As a consequence,
the use of the T11, Q-stress or A2 as a reference parameter is insuf-
ﬁcient to explain the out-of-plane constraint effect. In fact, fracture
toughness depends on the 3D out-of-plane stress level near the
crack front as well. It is well known that fracture toughness de-
pends highly on the thickness of the test specimen until a thresh-
old thickness, beyond which the toughness does not decreasefurther. The toughness at this thickness is called plane strain
fracture toughness. It is less than the fracture toughness of thinner
plates and is a material property (ASTM-E399). So the application
of fracture toughness is inconvenient in the engineering applica-
tions if the 3D out-of-plane stress level is not considered accu-
rately. A schematic illustration of the in-plane and out-of-plane
constraint for a 3D body subjected to tension loading is shown in
Fig. 1.
In order to study the out-of-plane constraint effect on the struc-
tures, Brocks et al. (1989) proposed a parameter h, which is deﬁned
as the ratio of hydrostatic stress to the Von Mises stress. This
parameter has been widely used for the stress triaxiality analysis.
However, the in-plane and out-of-plane constraint effect has not
been strictly separated in the parameter. Guo (1993), Zhao et al.
(2007) and Zhang and Guo (2007) developed another parameter
Tz for the analysis of out-of-plane constraint and the effect of Tz
on 3D crack-front ﬁelds and fracture toughness were systemati-
cally studied. For elastic plane strain Tz equals to the Poisson’s ratio
m and for elastic plane stress is equal to zero. However, conditions
may occur in which Tz can be larger than m or less than zero. Vari-
ations of this parameter have a pronounced effect on the size of the
plastic zone ahead of the crack and on the near crack tip stress dis-
tribution. In the framework of the Tz model, the approaches of K–Tz,
J–Tz, K–T–Tz and J–Q–Tz for 3D constraint analysis have been pro-
posed and their applications to fracture and fatigue have been
demonstrated. In addition, in-plane and out-of-plane constraints
In-planeIn-plane
Out-of-plane
Out-of-plane 
Crack
x
z
y
Fig. 1. In-plane and out-of-plane directions for a through thickness crack in a 3D body.
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directions are correlated. Recently T33 was proposed by Gao
(1992) and used by Wang (2003, 2004) and Meshii and Tanaka
(2010) to characterize the out-of-plane constraint. T33 is the second
term of Williams extension along the thickness direction of the
crack tip. It has a clear physical meaning and is consistent with
T11 for in-plane constraint analysis. In addition, the local ap-
proaches to fracture, which are based on the weakest link concept,
enable the transfer of toughness from one specimen size/geometry
to another by taking into account the respective constraint level
and volume sampling. The local approach to fracture is based on
the precise knowledge of the stress and strain ﬁelds, so that both
in-plane and out-of-plane constraint effects are considered implic-
itly. The most used and accepted local approach is the Beremin
model (Beremin, 1983). The main advantage is that it allows solv-
ing the problem of transferability, i.e. to estimate the fracture prob-
ability for a given ﬂawed component and/or structural element in
any constraint condition from the fracture properties measured
from standard specimens. However, the successful application of
the local approach requires a detailed numerical model of the
cracked component, which is not always universal and remain an
open issue to address.
The diagram shown in Fig. 2 demonstrates the development
process of fracture analysis from one dimension to threeLinear elastic method
2-D crack tip field:
1-parameter
K
Irwin 1948
2-parameter
3-parameter3-D crack tip field:
K-T
Williams, 1957
K-T-Tz
Guo et al., 1993
K-T-h
Brocks et al., 1989
Fig. 2. Methods for crack tip ﬁeld analysis by considering in-plane and out-odimension in order to include both the in-plane and out-of-plane
constraints.
Extensive experiments were also performed in the Oak Ridge
National Laboratory to study the mixed effect of in-plane and
out-of-plane constraint (McAfee et al., 2001; Williams et al.,
2001). This work consisted of two sets of experiments on cleavage
fracture of A533B steel. In the ﬁrst set, a conventional single edge
notch bend [SEN(B)] test (three point bending) with two crack
length ratios of a/W = 0.1 and 0.5 was used to estimate the in-plane
constraint effects. The second set used cruciform specimens con-
taining semi-elliptical surface cracks under ﬁve-point bend (FPB)
loading to analyze the out-of-plane constraint. Three different
biaxial loading ratios of longitudinal to transverse load of 1:0,
1:0.6 and 1:1 were tested by changing the position of the supports.
As was expected, shallow cracked (a/W = 0.1) SEN(B) specimens
showed an increase in the fracture toughness compared to those
of the long crack (a/W = 0.5) SEN(B) specimens. An attempt was
made to compare quantitatively the SEN(B) and FPB test results
but no good agreement was obtained. Similar work was conducted
by European Commission, Institute for Energy (Taylor et al., 2005;
Lidbury, 2006) in the Validation of Constraint-Based Assessment
Methodology in a Structural Integrity project. Two different sets
of tests on SEN(B) and FPB cruciform specimens were carried out
for an aged reactor pressure vessel (RPV) steel. It was found thatElastic-plastic method
J
Rice et al., 1968
COD, CTOD
Rice et al., 1968
J-Q
O'Dowd et al., 1991
J-A2
Li et al., 1986
J-Q-Tz
Guo et al., 1993
K-T11-T33
Gao, Wang,  et al.,
1992,2006
J-Q-h
Brocks et al., 1989
f-plane constraint effects (She and Guo, 2007, extended by the authors).
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high out-of-plane constraint conditions. For most of the experi-
ments performed using FPB cruciform specimens, shallow cracks
introduced in the specimens led to a mixed effect of low in and
high out-of-plane constraint. The biaxial loading effect of shallow
cracks on the out-of-plane constraint has been demonstrated.
For RPVs in a pressurized water reactor, one potential challeng-
ing loading to the integrity is a pressurized thermal shock (PTS). PTS
transients result in complicated 3D stresses through the RPVwall. If
the SIF of an assumed crack is too large this may lead to the crack
initiation and in the worst case even to the failure of the RPV. The
integrity of RPV has been widely studied by using one or two-
parameter methods (Shum et al., 1994; Miyazaki et al., 1996; Kim
et al., 2002; Qian et al., 2008; Qian and Niffenegger, 2013a,b). In
order to get a more precise result, the fracture toughness from
the test standards should be adjusted to different points of the crack
front by considering both the in-plane and out-of-plane constraint.
However, due to the complicated loadings which lead to a point-
wise constraint, the out-of-plane constraint of the crack tip in a
RPV subjected to PTS loading has not yet been studied.
Therefore, in this paper, a 3Dmodel of a RPV is used to study the
stress distributions ahead of the crack tip. Both in-plane and out-
of-plane constraint effect of the crack tip is quantiﬁed by T11,
Q-stress, T33 and h. By means of numerical analyses, it is shown
that structure geometry, crack length, loading and thickness play
an important role on the constraint effects in the RPV. The analysis
illustrates the necessity of considering both the in-plane and out-
of-plane constraint effect of the crack tip in order to properly use
the material fracture toughness for the integrity analysis.
2. Methods for in-plane and out-of-plane constraint analyses
2.1. Method for in-plane constraint analysis
The K–T method is generally used for linear elastic in-plane
constraint analyses. The K–T concept considers both the ﬁrst (sin-
gular) and second (non-singular) term of the Williams extension
(Williams, 1957) of the crack front stress ﬁeld (in terms of the polar
coordinate r and u):
rij ¼ KIﬃﬃﬃﬃﬃﬃﬃﬃ
2pr
p fijðhÞ þ Td1id1j: ð1Þ
The T-stress (T11) represents the stress acting parallel to the
crack plane is used for in-plane constraint analysis.
In elastic–plastic analysis, the Q-stress is deﬁned as
Q ¼ ðrhhÞFEA  ðrhhÞSSY;T¼0
r0
for h ¼ 0; rr0
J
¼ 2: ð2Þ2.2. Method for out-of-plane constraint analysis
Brocks et al. (1989) have proposed a parameter h including the
out-of-plane constraint:
h ¼ r1 þ r2 þ r3
3re
; for h ¼ 0; rr0
J
¼ 2; ð3Þ
where
re ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2
ðr1  r2Þ2 þ ðr2  r3Þ2 þ ðr3  r1Þ2
h ir
: ð4Þ
Guo (1993), Zhao et al. (2007) and Zhang and Guo (2007) devel-
oped Tz for out-of-plane constraint analysis, as
Tz ¼ rzzrxx þ ryy : ð5ÞBy considering the second term of Williams extension, T33 is
used for out-of-plane constraint analysis, as (Nakamura and Parks,
1992)
r11
r22
r33
s12
s23
s31
8>>>>><
>>>>:
9>>>>>=
>>>>;
¼ KIﬃﬃﬃﬃﬃﬃﬃﬃ
2pr
p
cos h2 1 sin h2 sin 3h2
 
cos h2 1þ sin h2 sin 3h2
 
2m cos h2
sin h2 cos
h
2 cos
3h
2
0
0
8>>>>><
>>>>:
9>>>>>=
>>>>;
þ
T11
0
T33
0
0
0
8>>>>><
>>>>:
9>>>>>=
>>>>;
; ð6Þ
T33 ¼ Ee33 þ mT11: ð7Þ
In this study, T11 and Q-stress are used to analyze the in-plane
constraint effect and T33 and h are used to analyze the out-of-plane
constraint effect of a surface crack in a RPV subjected to PTS
transients.3. RPV integrity analysis
3.1. Physical model
The physical model of this study is shown in Fig. 3. The RPV con-
taining a crack is assumed to be subjected to PTSs. A medium loss-
of-coolant (MLOCA) and small loss-of-coolant (SLOCA) transient
are postulated in this study. The history of the water temperatures,
pressures and heat transfer coefﬁcients between water and inner
wall of the RPV for the two transients are shown in Fig. 4. The
two transients are obtained from the thermal hydraulic calculation
with the RELAP code. Thermal and structural analyses are per-
formed for the transients. The integrity analysis of the RPV involves
the comparison of the SIF with fracture toughness of the material.
3.2. Thermal analysis with Abaqus
The thermal and stress analyses are treated as an uncoupled
problem, meaning that the temperature ﬁeld is ﬁrstly calculated,
and stresses and strains are computed based on the thermal
analysis.
For thermal analysis, heat ﬂow through the inner surface of the
vessel is determined from the water temperature and heat transfer
coefﬁcient and it is assumed to be zero (adiabatic boundary condi-
tions) at the outer surface of the vessel, which is a conservative
assumption. The vessel wall is assumed to be at a uniform initial
temperature. These boundary and initial conditions for thermal
analysis are also shown in Fig. 3. By taking advantage of symmetry
(boundary condition for structural mechanics analysis), one quar-
ter of the RPV is modeled, as shown in Fig. 5. The temperature dis-
tribution through the vessel wall is obtained in the thermal
analysis and is used for fracture mechanics analysis.
The quadratic 20-node hexahedron (brick) element is used for
the FE simulation. In order to simulate the stress singularity for
elastic materials, the brick element is converted to a wedge ele-
ment (in Abaqus it is called C3D20 element). By moving the mid-
point nodes to the one-quarter point and keeping the nodes on
the cracked face the singularity effect will follow the law of inverse
square root, i.e. 1=
ﬃﬃ
r
p
for the elastic crack front, hence avoiding the
use of additional singularity elements in FE simulation.
3.3. Structural analysis with Abaqus
Material properties are used for thermal mechanical analysis.
The base material of the RPV is made of ferritic low alloy steel
for its medium strength, high toughness and good weldability
and the cladding is made of austenitic stainless steel (AISI 304)
Fig. 3. Physical model of a RPV with an axial crack.
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Fig. 4. MLOCA and SLOCA transients (a) water temperature history, (b) pressure and water heat transfer coefﬁcient histories.
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gion of the vessel, which is exposed to higher neutron irradiation
dose, is considered in this analysis. The thermo-mechanical prop-
erties of the base material and cladding at different temperatures
are listed in Table 1. The mean coefﬁcient of linear thermal expan-
sion is used and the reference temperature from which the total
thermal expansion is deﬁned is 20 C. In elastic–plastic analysis,
a Ramberg–Osgood model (deformation plasticity model) is used
to describe the base material’s deformation:
e
e0
¼ r
r0
þ a r
r0
 n
; ð8Þ
where the Ramberg–Osgood exponent n and coefﬁcient a are 10
and 1, respectively. They are commonly used for typical moderatehardening steel in nuclear pressure vessels (Wang, 2003; Qu and
Wang, 2006).
4. Results
4.1. Temperature and SIF distributions
The temperature distributions through the vessel wall, calcu-
lated by the Abaqus code, at different transient time are shown
in Fig. 6. During the transients, vessel wall is cooled in the inner
surface. The temperature distributions are used as input data for
the structural and fracture analyses, i.e. the calculation of SIF.
Fig. 7 shows the SIF distributions around the crack tip during
the two transients. During the MLOCA transient, the SIF generally
decreases with crack angle and then increases to its maximum
RZ
Fig. 5. 3-D model of the beltline region of the RPV for thermal analysis. Due to the symmetry conditions, only one quarter of the circumference is modeled. The Rh plane, RZ
planes indicated as arrows are symmetrical planes.
Table 1
Thermo-mechanical properties of the base material and cladding of the RPV.
Base material Cladding
Temperature (C) 0 20 100 200 300 400 0 20 100 200 300 400
Elastic modulus (103MPa) 206 206 199 190 181 172 200 200 194 186 179 172
Mean linear thermal expansion coefﬁcient (106 C1) 10.3 10.3 11.1 12.1 12.9 13.5 16 16 16 17 17 18
Thermal conductivity (W/(m K)) 44.4 44.4 44.4 43.2 41.8 39.4 15 15 16 17 19 21
Speciﬁc heat capacity (J/(kg K)) 450 450 490 520 560 610 500 500 500 540 540 590
Density (103 kg/m3) 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6
Poisson’s ratio 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Yield stress of the unirradiated material (MPa) 449.3
Stress free temperature (C) 280.3
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Fig. 6. Temperature distribution through the vessel wall (a) during the MLOCA, (b) during the SLOCA.
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SIF displays a similar increasing and decreasing trend with the
crack front angle. However, it is noted that before a transient time
of 160 s, the SIF at surface point (U = 0) is always slightly higher
than that at the deepest point (U = p/2). It is because that the cir-
cumferential stress at the surface point is higher than that at the
deepest point. This implies that cracks may initiate ﬁrstly at the
surface point rather than at the deepest point as expected in many
applications. Thus, in the integrity analysis of RPV subjected to PTStransients, attention should be paid to both the surface and the
deepest points of a crack front.
4.2. In-plane constraint analysis
4.2.1. T11 distributions
In the elastic analysis, the interaction integral (Abaqus 6.11,
2011) is used to calculate T-stress (T11) and the results are shown
in Fig. 8. T11 generally increases with the crack front angle and then
0.0 0.5 1.0
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Fig. 7. SIF distributions along the crack front (a) during the MLOCA transient, (b) during the SLOCA transient.
0.0 0.2 0.4 0.6 0.8 1.0
0
200
400
600
800
1000
Crack front angle [2Φ/π]
MLOCA
  1000 [s]
  6000 [s]
 8500 [s]
 11990 [s]
T 1
1 [
M
Pa
]
0.0 0.2 0.4 0.6 0.8 1.0
-200
0
200
400
600
800
Crack front angle [2Φ/π]
SLOCA
 3160 [s]
 6000 [s]
 9120 [s]
 15000 [s]
29800 [s]
T 1
1 [
M
Pa
]
(b)(a)
Fig. 8. T11 distributions along the crack front (a) during the MLOCA, (b) during the SLOCA.
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(U = p/2) for the MLOCA, T11 is negative, meaning that a loss of
constraint. Constraint is regarded as a structural obstacle against
plastic deformation induced mainly by the geometrical and physi-
cal boundary conditions. It is obvious that the free surface has no
constraining effect, while in the interior of the crack (0 <U < p/2),
the constraint is high corresponding to the governing plane strain
condition. Note that for a crack free structure or a structure with a
straight through crack, constraint is always less at the surface than
that in the interior of the structure. The existence of a curved crack
leads to a singularity for stress distribution ahead of crack tip. The
stress intensities through the crack front are not uniform, which
has a signiﬁcant effect on the constraint. In this analysis, the deep-
est point has the minimum constraint due to the curved crack as
well as the constraint from the outer surface. If subjected to the
same crack driving force, the material at the center (0 <U < p/2)
of the component fails earlier than on the surface (U = 0) due to
the higher constraint. The elastic in-plane constraint is controlled
by the crack size, ligament and loadings. Thus, the application
of material toughness based on plane strain specimens for the
RPV yields a conservative result. Therefore, in order to optimize
the safety margin in the integrity analysis, the constraint effect
on the fracture toughness of the RPV material shall be
quantiﬁed.
The results presented in Fig. 8(a) also indicate that the lowest
level of in-plane constraint at the deepest point occurs for a time
period of 1000 s for the MLOCA. Therefore, the material volume
in the vicinity of the crack tip (in the so-called process zone) of
the RPV is subjected to a less severe stress state. Under certain con-
ditions, this factor may result in the apparent enhancement of thefracture toughness measured on the RPV. During the SLOCA, T11 is
the lowest for a time of 3160 s and the highest for a time of
29800 s. The variation of T11 with transient time is generally re-
versed to that of the SIF (stress). A general tendency found in this
Section is that, at small loads, values of T11 are close to those for
plane strain (positive T11). The value of T11 decreases with increas-
ing SIF, and eventually for sufﬁciently large SIF, approaches values
as for plane stress conditions. It is worth to note that T11 is positive
for plane strain and normally negative for plane stress and the con-
dition between plane strain and plane stress. However, the quanti-
ﬁcation of T11 for different loadings and different constraint needs
a FE analysis. In order to quantify the elastic in-plane constraint ef-
fect of the crack tip on fracture toughness of the material, Wallin
(2001) developed a relation between T11 and the Master Curve
transition temperature T0 based on a large amount of databases.
A simple relation between T0deep obtained from deeply cracked
(high constraint) bars and T0 linked to shallow crack specimens
(low constraint conditions) was proposed in Wallin (2001).4.2.2. Q-stress distributions
In the elastic–plastic analysis, Q-stress is used to quantify the
in-plane constraint effect. (rhh)T=0 is obtained from a modiﬁed
boundary layer (MBL) solution, which is derived from the existence
of an asymptotic plane-strain elastic stress ﬁeld outside the crack-
tip plastic zone. The MBL thus takes the idea of self-similar stress
distribution ahead of crack tip. The unique ﬁelds described by
the MBL are representative of the stress state for any cracked
geometry and load conﬁguration that is deﬁned by these parame-
ters (J and Q).
v (R, )
u (R, )
R
Fig. 9. MBL model mesh.
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the MBL analysis. A notch with the radius of 3 lm is introduced
in the crack tip. The displacements u(R,h) and v(R,h) in Eqs. (9)
and (10) are derived from the ﬁrst two terms of the Williams series
(Eq. (1)). The MBL solutions for the crack tip ﬁeld are obtained by
applying these displacements to the outer boundary of the circular
model and varying the T-stress while KI remains constant.
uðR; hÞ ¼ KI 1þ mE
ﬃﬃﬃﬃﬃﬃ
R
2p
r
cos
h
2
 
ð3 4m cos hÞ
þ T11 1 m
2
E
R cos h; ð9Þ
vðR; hÞ ¼ KI 1þ mE
ﬃﬃﬃﬃﬃﬃ
R
2p
r
sin
h
2
 
ð3 4m cos hÞ þ T11
 mð1þ mÞ
E
R sin h: ð10Þ
In this study, the opening-mode stress (rhh) for T11 = 0 calcu-
lated by the MBL method is shown in Fig. 10.
Fig. 10 further shows the opening-mode stress (rhh) at different
times around the crack tip (U = p/2) for the MLOCA and SLOCA
transients, calculated by a simple elastic–plastic analysis. The
stress component is normalized by the yield stress and the radial
distance from the crack tip is expressed in terms of the normalized
parameter (rro/J). This stress is compared with that of small scale
yielding (SSY) from the MBL solution. It is seen that the real crack
tip stress calculated by the elastic–plastic analysis is lower than
that from the SSY (T11 = 0). This difference varies with the transient
time. This implies the loss of constraint during the transients. The
Q-stresses quantiﬁed by Eq. (2) for both the MLOCA and SLOCA are
between 0 and 0.6, which is used for a further analysis of the con-
straint effect on material fracture toughness. Moreover, for the
MLOCA, the Q-stress is the lowest at 11990 s and the highest at
1000 s. For the SLOCA, Q-stress is the lowest at 100 s and the high-1 2 3 4 5 6 7 8 9 10
2.0
2.5
3.0
3.5
4.0
 8500 [s]
 11990 [s]
T11=0
MLOCA
 1000  [s]
460 [s]
 0 [s]
 6000 [s]
rσ0/J
σ
θ θ
/ σ
0
(a) (
Fig. 10. Opening-mode stress distribution near the crack tip at differest at 6000 s. The variation of constraint with transient time and
location in this paper is agreement with that in Ogawa et al. (2013).
It is worth to note that the variation of Q-stress with transient
time is different from that of T11 due to different material proper-
ties. Compared to the elastic analysis, the hardening behavior of
the material in elastic–plastic analysis reduces the opening-mode
stress of the crack tip. The effect of the hardening behavior of the
material on the constraint effect has been studied in English and
Arakere (2011). Thus constraint effect based on elastic and elas-
tic–plastic analyses should be analyzed separately.
4.3. Out-of-plane constraint analysis
In the following, the out-of-plane constraint is analyzed by
using T33 and h, according to Eqs. (7) and (3).
4.3.1. T33 distributions
In order to calculate T33, T11 and e33 should be used. Fig. 11
shows the distributions of e33 and T33 at the crack front during
the MLOCA (h = 0,r = 0). It is seen that T33 generally decreases with
the crack angle, followed by a slight increase with the crack angle
and then decreases to the deepest point of the crack front. T33 is
negative at the deepest point of the crack front, which indicates
a loss of constraint at the deepest point of the crack front. In addi-
tion, T33 is the highest for a time of 1000 s and the lowest for a time
of 11990 s. This trend is reversed to that of T11 but similar to that of
Q-stress and e33. This is because in this case Ee33 contributed more
than mT11 to T33 (Eq. (7)), which indicates that the thickness at the
crack tip has a more important impact than the loading on the out-
of-plane constraint. It also demonstrates that during the transient
out-of-plane constraint is different from the in-plane constraint.
Therefore, they both should be considered separately.
For the SLOCA, a similar trend of e33 and T33 (h = 0,r = 0) as that
for the MLOCA is found in Fig. 12. Figs. 11 and 12 show that the lo-
cal crack tip driving force depends on the speciﬁc crack front loca-1 2 3 4 5 6 7 8 9 10
rσ0/J
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2.5
3.0
3.5
4.0
σ
θ θ
/ σ
0
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 9120 [s]
b)
ent transient times (a) during the MLOCA, (b) during the SLOCA.
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Fig. 11. (a) e33 Distribution along the crack front during the MLOCA, (b) T33 distribution along the crack front during the MLOCA.
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Fig. 12. (a) e33 Distribution along the crack front during the SLOCA, (b) T33 distribution along the crack front during the SLOCA.
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that out-of-plane constraint effect is mainly controlled by the
thickness and loading.4.3.2. h (rh/re) distributions
Constraint denotes stress triaxiality. The stress triaxiality
parameter rh/re includes all three principal stress components
and, as a result, can capture both in-plane and out-of-plane con-
straint effects. The h distributions for the deepest point (U = p/2)
and surface point (U = 0) during the MLOCA are shown in Fig. 13.
h at the deepest point is generally higher than that at the surface0.0 0.4 0.8 1.2 1.6
0.5
1.0
1.5
2.0
2.5
3.0
MLOCA, deepest point
  1000 [s]
  6000 [s]
 8500 [s]
 11990 [s]
Distance from crack tip [mm]
h 
[-]
(a) (b
Fig. 13. h Distributions during the MLOCA (a) at depoint and the variance at the deepest point is more signiﬁcant than
at the surface point. This trend is in agreement with that from T33.
Note that rr0/J covers a range from 0 to about 12 for the highest
loading.
It can be seen in Fig. 13, that rh/re increases with the distance
from crack tip, reaches its peak at a certain location and then grad-
ually decreases. The tendency is in general agreement with the
analysis of T33 while it is different to T11. This proves that the thick-
ness at the crack tip has a more important impact on the constraint
than the loading. The discrepancy between the variation of T33
and h is attributed to the fact that both in-plane and out-of-plane0.0 0.4 0.8 1.2 1.6
0.0
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1.0
1.5
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MLOCA, surface point
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)
epest point, (b) at surface point of crack front.
0.0 0.5 1.0 1.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Distance from crack tip [mm]
SLOCA, deepest point
 3160 [s]
 6000 [s]
 9120 [s]
 15000 [s]
29800 [s]
h 
[-]
0.0 0.5 1.0 1.5
0.0
0.5
1.0
1.5
Distance from crack tip [mm]
SLOCA, surface point
 3160 [s]
 6000 [s]
 9120 [s]
 15000 [s]
29800 [s]
h 
[-]
(a) (b)
Fig. 14. h Distributions during the SLOCA (a) at deepest point, (b) at surface point of crack front.
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considered with T33. In addition, the variation of crack tip stress tri-
axiality is more pronounced for high loading and less signiﬁcant for
low loading (SIF). Thus, the out-of-plane constraint effect seems to
be related to the in-plane constraint effect in the sense they both
are sensitive to the loading.
For the SLOCA, a similar trend of h as that for the MLOCA is
found in Fig. 14. However, h generally decreases with the distance
from crack tip for both the deepest and surface points. The varia-
tion of h with different transient time is decreased, compared to
that for the MLOCA. This is due to the smaller loading variation
of the SLOCA.
The h distributions in this study are in good agreement with the
ones in Chawla et al. (2000). According to Sauter et al. (1990), the
limiting value of h varies from 2.3 to 2.8 for a circumferential crack
subjected to thermal shock with lower value at the free end and
higher value at the center of the crack. It is also reported that the
stress triaxiality for a crack in an inﬁnite plate under uniform ten-
sion is 2.167 (Sauter et al., 1990; Zdarek et al., 1993; Siegele et al.,
2008). Therefore, there is a need to adjust the toughness data from
standard test specimens to the RPV by incorporating the stress tri-
axiality distribution.5. Conclusions
Constraint effects at the front of a postulated crack are analyzed
for PTS loading of a RPV. Both in-plane and out-of-plane constraint
effect at the crack tip are analyzed by two-parameter and three-
parameter methods. Based on this study, the following conclusions
are drawn:
(1) For in-plane constraint effects, the crack ligament and load-
ing plays an important role. The variation of T11 with tran-
sient time is generally reversed to that of stress (or SIF). In
elastic–plastic analysis, the hardening behavior of the mate-
rial plays a signiﬁcant role on the constraint effect of the
crack tip. Thus constraint effects based on elastic and
elastic–plastic analyses should be calculated separately.
(2) For out-of-plane constraint effects, the thickness at the crack
tip has a more important impact than the loading, such that
T33 shows a similar relation to e33 and a different relation to
T11 during the transient. The analysis shows agreement of
T33 with h.
(3) Constraint loss occurs during the transient at the deepest
point of the crack front. Constraint at the deepest point of
the crack front is lower than that at the surface point. Since
constraint is pointwise, K–T11–T33 provides a consistent
method for the constraint analysis.Note that this work provides hint for constraint analyses for
other structures subjected to different loadings. Different parame-
ters, e.g. T11, Q-stress, T33 and h can be used to analyze the
constraint effect of the structure. In order to quantify the elastic
in-plane constraint effect, T11 was linked to fracture toughness in
Wallin (2001). However, the link of Q-stress, T33 and stress triaxi-
ality parameter with material toughness is still lacking. At present,
it is common to compare Q-stress, T33 and stress triaxiality param-
eter calculated from compact tension specimen with those calcu-
lated from different structures to determine the constraint
conditions. The future topic is to correlate Q-stress, T33 and stress
triaxiality parameter with KIc of the material. The local approach
to fracture will be used to consider the micro mechanism of con-
straint loss.
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